Abstract: Novel high performance V-band substrate integrated waveguide (SIW) filters have been presented in the paper. Design procedures for the filters synthesis and mechanisms providing quasi-elliptic response have been explained. The insertion loss of the filters has been measured below 2 dB with microstrip-to-SIW transitions are included.
Introduction
Nowadays millimetre-wave systems are used well beyond their traditional niche of military and space and have already penetrated consumer-oriented market through applications such as automotive radars and high-speed wireless networks. Among those applications special attention is attached to 60 GHz wireless networks. This is stimulated by the existence of up to 9 GHz unlicensed spectrum bandwidth between 57 and 66 GHz, [1] [1] . New systems exploiting this spectrum allocation will respond to growing demand for short-range transmission of uncompressed high-definition audio and video content in real time with data rates of up to 3 Gbyte/sec as required for Wireless HD [2] [2].
Integrated filters are an important part of such a system. However, it is difficult to achieve low insertion loss for a filter designed at these frequencies; additionally a printed circuit board (PCB) compliant solution strategy would be useful for cost minimization for of consumer applications. At V-band CMOS microstrip filters exhibit relatively high insertion loss (more than 4 dB) [3] [3] and can be affected by electromagnetic interference. As a PCB alternative substrate integrated waveguide (SIW) technology has recently been proposed. A number of different devices have been implemented which demonstrate useful good performance characteristics [4] [5] [6] . A comprehensive review of state-of-the-art in SIW research is given in [7] [7] ,.
Furthermore several V-band components have been designed with while SIW technology [8] [9] [10] has begun to be applied in V-band components [8] [9] [10] .
An SIW filter demonstrated in [9] [10] at 62 GHz which had 3 dB insertion loss at 61-63 GHz and 15 dB return loss as well as out-of-band rejection of 25 dB and 15 dB for lower and upper stopbands respectively, . compared Ato the insertion loss of a multilayer SIW LTCC filter reported in [10] [8] with insertion loss of around 2dB and return loss of 16 dB at 57-64 GHz as well as out-of-band rejection of 33 dB and 25 dB for lower and upper stopbands at 3 GHz outside the passband.
In [10] [8] however in order to achieve 2 dB insertion loss an additional compensation circuit was implemented.
In this paper we propose two different low-loss SIW filter topologies with quasielliptic characteristics manufactured on PTFE-based PCB substrate TaclamPLUS [11] . The substrate offers lower loss tangent alternative to LCP and LTCC at V-band and is suitable for mm-wave packaging. The main objective of the paper is to demonstrate simple V-band filter designs compliant with typical PCB process for a softboard. The design of the filters will beis discussed in the Section 2. Then in Section 3 the measurement and the de-embedding procedures 3 will beare detailed. Results will beare discussed in Section 4 and the summary given in the Conclusions. Substrate integrated waveguides largely preserve the well-known advantages of waveguide structures such as high-qualityQ, robustness, high moderate power capacityhandling, no radiation and low cross-talk. Besides, they are easily fabricated on printed circuit boards using standard processing techniques.
Design

Substrate integrated waveguide
Substrate integrated waveguides are manufactured by plating metallic vias in a dielectric substrate while retaining metal, usually copper, cladding on the top and bottom of the structure, see Fig. 1Fig . 1Fig. 1. The resulting closed SIW geometry has abears straightforward relation between to an equivalent rectangular waveguide of effective width a eff and the parameters of SIW [12] 
Microstrip-to-SIW transition.
There is no standard measurement interface available for a standalone SIW structure and in order to measure them one needs to employ transitions to either coplanar waveguide (CPW) or microstrip line. The exponential microstrip-to-SIW transition reported in [5] [5] was chosen in this work. The taper profile is given by
From the two end points of the taper (x 0 ,z 0 ) and (x n ,z n ) the curve parameters are 
Iris filter
A tremendous progress has recently been made with design of SIW filters for microwave and mm-wave frequencies [14] of manufacturing tolerances. Therefore in the paper we employ simple filter topologies which in our view are more robust with respect to manufacturing.
The first design presented here is a directly coupled resonator filter with inductive irises employed as coupling elements. Similar filters with single and double posts have been implemented in [5] , [19] . Below, the designs are significantly advanced in order to implement higher roll-off rate and more extended filter stopband responses than previously reported.
For a bandpass filter with the resonators cascaded via K-inverters, normalised impedances of the inverters are given as follows [19] [14]:
where Z 0 is the waveguide impedance and   is fractional bandwidth defined through guided wavelength at the edges   g2 and the centre of the band  g0 as
The lowpass prototype filter parameters g corresponding particular transfer function can be found in [20] [15] .
Once the normalised impedances of the inverters have been found the physical dimensions of corresponding inductive irises have to be obtained. For this procedure we introduce use the following method [19] .
Each iris presents itself as a K-inverter, corresponding to the reactance X, see Fig. 3Fig. 3Fig. 3. The parameters of the inverter are found from S-matrix of the element as:
Once the inverter parameters are found, the distance between adjacent inductive windows can be evaluated as:
Following this synthesis procedure an SIW bandpass Chebyshev filter with inductive irises can be designed.
In this paper we use the procedure to design a three pole Chebyshev filter with (3)gives the distances between the irises as l 1 =l 3 =1.7 and l 2 =1.57.
These values have been taken as a first approximation and then tuned in order to minimise the return lossAfter that the distances between the windows are found using (4) . in the passband. The stub is itself a highly-dispersive inverter which has transmission zeros. Such inverters can be incorporated into a synthesis procedure for direct-coupled resonator filters, as the one presented above [21] . There is a simpler alternative approach which is to synthesize an inverter with impedance equal to 1 in the passband and transmission zeros in the stopband. Such a stub can be added to an existing filter to improve its stopband performance. With this approach in mind a stub dimensions were optimised by numerical simulations as w s =2. 
Cavity filter.
The second design suggested in the paper is a filter with an over-moded cavity, see Then, with the aid of (1) the design was transferred to SIW PCB and simulated in CST Microwave Studio.
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In order to reduce the sensitivity of the filter response to the PCB manufacturing process several topology restrictions were enforced. First the inter-cavity wall has been implemented with single row of vias of exactly the same diameter as all other vias in the design. Second, the iris in the wall is located at the side of the wall, this reduces the number of objects in this sensitive area. Finally, input and output irises are of the same dimensions as the corresponding SIW waveguide sections.
As a result the dimensions of the filter were set as follows: w 1 =2.55 mm, The response of the filter is presented in Fig. 8Fig . 8Fig. 7. The insertion loss including launch transitions is better than 1.7 dB in the 57-66 GHz passband and the stopbands measured at -10dB level cover 52-55GHz and 68-75GHz bands. The latter has been achieved due to placement of transmission zeros at 53, 70 and 74GHz in the optimisation goal function.
The transmission zeros in the stopband are the consequence of the destructive interference between different modes coexisting in the filter cavities at the ports and/or cavity interfaces. For example, the study of the field distribution reveals that there are three resonant modes in the larger cavity within the passband. However extraction of the detailed equivalent topology is beyond the scope of the paper, but could be considered in future work following the methods proposed in [23] [18].
The spurious transmission bands in near 50GHz and 75GHz are not of concern in this paper since the filter is designed to be part of an integrated front-end where active components will not be operating at the frequencies. Yet, the authors realise it can be of concern for some application and will attempt to improve it in the future work. 
Measurement
Measurement setup
The structures were measured using a Cascade millimetre-wave probe station with 50 ohm ground-signal-ground (GSG) probes. The pitch of the probes is 150 microns. The probes before each measurement were calibrated using an automated LLRM-procedure at the probe station and the calibration error was below 0.1 dB for the entire frequency range from 50 to 80 GHz.
De-embedding
In order to the interface to GSG probes, the circuits were terminated at the coplanar 
where  is the complex propagation constant, l is the length of the uniform transmission line and
is the ABCD-matrix of the CPWG-microstrip transition. Following the approach given in [26] [20], the ABCD-matrices of the 
The de-embedded transmission matrix of the DUT can then be found as The same factors contribute to numerical errors of the de-embedding resulting in Tthe kinks of insertion loss in the range between 61 and 65 GHz seem to be an artifact persistently manifested for all measured calibration samples. The effect is too big to be a measurement calibration error, which was known to be below 0.1 dB across the band. Most probably this is due to a combination of measurement uncertainties and Our studies have shown that the effect can be reduced if one to enforce the S-matrix symmetry of the calibration samples.numerical error of deembedding. Unfortunately, both calibration samples satisfy resonant conditions at the frequency range, which enhances the numerical error. One also has to remember that the method implies identity of all the transitions which is not true due to the manufacturing tolerances. Thus the de-embedding error can accumulate at particular frequencies and cancel out at the others. Since the SIW structures are shielded there is no apparent physical mechanism which can produce those kinks within the filters. This artefact error influences all the de-embedded results presented below. Therefore when the insertion loss is estimated the artefact is discarded. The manufactured filters are presented in Fig. 11Fig. 11Fig . 10. The filters were measured and the results were de-embedded according to the method described above. As shown in Fig. 12Fig. 12Fig . 11 the responses of both filters are shifted towards lower than predicted frequencies when compared with results simulated for the substrate with permittivity of 2.1. In fact both manufacturing and permittivity tolerances can contribute to the shift of passband; below we have attempted to correct the latter as it is major factor in our view. Bearing in mind scaling properties of SIW with respect to permittivity discussed in Section 2 the actual material permittivity was estimated to be 2.06 by fitting the positions of transmission zeros in the responses. Simulations with this value of permittivity were performed and the results were compared with the experimental ones in Fig.   13Fig . 13Fig. 12. For both filters the experimental results are in a very good agreement with the simulations for the adjusted value of the permittivity.
In view of the explanation of the insertion loss kinks in the passband given in Section 3 one can conclude that the overall insertion loss in the passband is better 
Conclusions
Two novel high performance V-band filters with quasi-elliptic responses have been presented in the paper. Design procedures for the filters synthesis, physical mechanisms providing quasi-elliptic response and de-embedding of the measured results have been explained. The insertion loss of the filters is measured below 2 dB when microstrip-to-SIW transitions are included. The return loss in passband is measured below 10dB, which is to be improved in future work. The filters have sharp roll-off due to the transmission zeros and the out-of-band rejection in the upper stopband of 10dB and 17dB. It has been estimated that the SIW filters themselves introduce less than 1 dB insertion loss. Both filters can be used as an advanced packaging solution for V-band wireless personal network front-end applications.
